Reanalysis of aligned sequence data from the mitochondrial cytochrome oxidase I gene region across Crustacea has generated a number of new insights into how we can interpret genetic variation in these species. Some insights, such as the relationship between genetic diversity and the latitudinal biodiversity gradient, have been predicted in earlier studies. Other patterns -such as the bias toward more 'rare' allelic variants than expected under null models -across the 255 data sets analyzed here suggest that a more nuanced understanding of molecular evolution is necessary for interpreting the phylogeography and population biology of species in this group.
INTRODUCTION
Over the past two decades, it has become commonplace to use molecular sequence data to characterize the taxonomic or spatial structure of crustacean populations (Avise, 2000; Hebert et al., 2003) . Often these data are presented as idiosyncratic representations of one or a few species. Only very recently, for example, have comparative studies of phylogeography addressed the structure of a few dozen species at once (Kelly and Palumbi, 2010) . Such comparative work can illustrate general properties of the region being studied, and provide insights into how distinct larval life histories or ecological interactions may influence spatial or temporal patterns of genetic diversity (Foltz, 2003) .
We are now at the point where many hundreds of such data sets exist for Crustacea alone, at least for the most common loci used in molecular studies. In particular, there are a large number of sequence data available from the mitochondrial cytochrome oxidase subunit I region, the same region used for DNA barcoding and for most phylogeography studies of this taxon (Wares, 2010) . It has been argued that our use of such data should be accompanied by a study of the 'natural history' of such genetic data (Vermeij, 2003) . Here I provide a brief overview of what these data can tell us and evaluate the variation generated by the geography, taxonomic group, and life history traits.
A variety of molecular diversity indices are used in studies of population divergence, molecular ecology, and phylogeography (Avise, 2000; Wares, 2007; Wakeley, 2008) . The most typical indices for evaluating single populations [the question of what a ''population'' is may be hotly debated (see Waples and Gaggioti, 2006) ] measure the amount of standing mutational variation in the population [including Watterson's h, calculated from the number of variable sites in a sequence alignment, and p, the pairwise sequence divergence among individuals in a population].
These values are expected to reflect the demography of a population to some degree, in that they should be proportional to the population size but often heavily modified by life history, major demographic shifts, or other factors -this molecular diversity is one way to estimate the 'evolutionarily effective' population size (Sjödin et al., 2005) . Other statistics, such as Tajima's (1989) D statistic are used to evaluate that predicted relationship; if D is far from the null expectation of 0, it suggests that the relationship between the evolutionary effective population size and the actual population size is probably weak.
Clearly, any of these assumed properties may be of little value in the study of a single species, because any species will have idiosyncracies associated with life history variation, response to past climate change, and so on. Additionally, the above assumptions only hold if the molecular marker in question is behaving as though there are no fitness consequences to any mutations in the sequence data set (Bazin et al., 2006; Wares, 2010) . What is necessary is to understand the general features of these data, across many taxa, so that we can begin to determine under what cases we can make historical or demographic inferences, and begin to understand when we cannot do so. Often, a study will evaluate molecular diversity patterns and test whether the diversity or test statistic deviates significantly from a null model (Hahn, 2008) , but it may be important to first evaluate the context of diversity across a taxon, or across a relevant comparison of life history traits.
Here I compile molecular diversity indices -those that summarize either the diversity of a data set, or the frequency spectrum of polymorphic sites within each data JOURNAL OF CRUSTACEAN BIOLOGY, 31(2): 339-344, 2011 set -across available crustacean sequence alignments. In many senses, this is merely a natural history exploration of how particular traits, in this case traits associated with genetic variation, are distributed across the phylum. These patterns may be as likely to inform us about tendencies of researchers, artifacts of sequence data in population studies, or curation problems in global databases, as they are likely to inform us about biological differences among taxonomic groups. Nevertheless, such an exploration can guide the research process for future studies of Crustacea. Wares (2010) developed a computational pipeline to collect, sort, and analyze aligned DNA sequence data from Genbank. This set of scripts only evaluates data from the 'POPSET' portion of the database, so that sequences are generally aligned with one another as they were in their original publication. Because of the diverse ways in which authors may archive their data in Genbank, a number of additional steps were taken to curate the aligned data.
METHODS
After each sequence alignment (at least 5 sequences) has been automatically analyzed for statistics describing mutational variation with COMPUTE (Thornton, 2003) , data were removed if: 1) the number of variable sites exceeded 0.33 times the sequence length, suggesting mutational saturation or alignment/sequencing errors in the data; 2) the number of haplotypes was equal to the sample size of the alignment when the sample size was greater than 10, suggesting that individual haplotypes were posted to Genbank rather than the alignment of sequences including each individual organism; 3) insufficient information to calculate some of the summary statistic was present; 4) there were multiple data sets for a given Latin binomial, only the largest data set was retained; 5) taxonomic verification failed after a python script searched the classification of the Latin binomial on the NCBI Taxonomy server, ensuring that only Crustacean data sets were analyzed.
For all remaining data sets, the mean and variance of latitudinal observations in the Global Biodiversity Information Facility (GBIF) database were calculated; not all species had sufficient representation in this database but were not removed from analysis in this case. Species that were not fully classified were included, e.g., species listed as ''Pilbarus sp.'' in NCBI databases. A visual inspection of all accessed FASTA alignments using Geneious 5.1.6 (biomatters.com) indicated that some (n 5 18) data sets were erroneously aligned, e.g., one or more sequences shifted out of frame or alignment with other sequences dramatically reduced pairwise similarity. The sorting process detailed above caught all of these data sets.
Remaining data sets were analyzed for other site frequency spectrum deviations using Fu's Fs statistic (Fu, 1997) , calculated in DNASP 5.1 (Librado and Rozas, 2009) , and for values of p A :p S using POLYDNDS (Thornton, 2003) . In the latter case, the frame that included greatest variation at 3 rd codon position was assumed to be the correct reading frame.
The resultant data matrix was analyzed using a Kruskal-Wallis test comparing molecular diversity indices with taxonomic and spatial data. This nonparametric test was required because assumptions of ANOVA are violated by the non-normal distribution of molecular diversity indices (Wares, 2010) . The molecular indices evaluated were Watterson's h, nucleotide diversity p, Tajima's D, Fu's Fs, and p A :p S ; these were compared across Class, Subclass, and the next taxonomic level classified for an organism (either superorder or infraclass). The same values were also evaluated against the absolute value of the mean latitudinal distribution, and the variance for these latitudinal observations, using a Pearson's product-moment correlation test (cor.test) in the R statistical framework (R Development Core Team, 2009 ). For all five molecular indices, a modified false discovery rate (the Benjamini-Yekutieli method, reviewed in (Narum, 2006) was applied to testing significance. In this case, significance is assumed at P 5 0.015 (a 5 0.05).
RESULTS
The data come from 255 distinct species or species-level taxa: 158 genera, 10 superorders or infraclasses, 7 subclasses, and 4 classes (supporting information available from the author). The average and standard deviation of Watterson's h are 0.024 6 0.029; for nucleotide diversity p the average is 0.023 6 0.032; and for Tajima's D these values are 20.507 6 1.138. For comparison, the distribution of Fu and Li's F* and D* statistics were 20.716 6 1.522 and 20.710 6 1.515, respectively (these values are highly correlated with Tajima's D across these data, r 5 0.92 and 0.85, respectively). A separate batch analysis of the appropriate data files (using DNAsp; Librado and Rozas, 2009 ) generated a distribution of Fu's Fs statistic (Fu, 1997 ) with a mean of 25.996 6 26.224. This statistic is less correlated (r 5 0.37) with Tajima's D, and so is considered in subsequent distribution analyses across taxa. Mean p A :p S was 0.064 6 0.084, consistent with expectations given constraints on this locus (Ballard and Melvin, 2010; Wares, 2010) .
Significant (P , 0.015) groupings of molecular diversity are summarized in Table 1 . The strongest signal associated with taxonomic comparisons involved Tajima's D and Fu's Fs, with significant levels of variation across all taxonomic levels (Fig. 1) . The variation is not illustrated for Fu's Fs because much of the statistical signal appears to be associated with a few outlier values, but the trend is very similar to that shown for Tajima's D, e.g., the lowest values tend to be found in Maxillopoda (see Discussion). These analyses were repeated removing the species in Hoplocarida (n 5 2), Leptostraca (n 5 1), and Notostraca (n 5 1). All seven comparisons in Table 1 retained a comparable or stronger statistical signal (P values of 0.016, 0.004, 0.005, 0.01, respectively).
Species in Peracarida (n 5 75) were further subclassified by habitat: terrestrial, freshwater, benthic marine, planktonic, or parasitic (on fishes or whales) using information on each from ispecies.org. There were no significant or marginally significant comparisons (P-value never below 0.15) of molecular diversity indices based on these separations.
Comparisons of molecular diversity (h and p) against mean latitude indicated a correlation between h and mean latitude of 20.199 (P 5 0.012) and between p and mean latitude of 20.183 (P 5 0.022). There were no statistically significant correlations between these indices and the variance of latitudinal observations in GBIF, suggesting that breadth of reported range is not a factor in the observed molecular diversity patterns within Crustacea.
DISCUSSION
The comparisons provided in this paper are only possible because extensive mitochondrial COI data are available in the POPSET database at NCBI, and the best-represented group is Crustacea (Wares, 2010) . Though there are likely many artifacts to consider, and idiosyncracies associated with particular species, the strength of such a survey is the automatic inclusion of large numbers of data to make general inference about this group of organisms, and the 'behavior' of the data often used in taxonomic, population genetic, and barcoding studies. One relationship illustrated by these data that is not surprising is the negative correlation between the latitudinal distribution of species and the amount of molecular diversity those species harbor. Several studies have now shown that diversity at this level, across a range of taxa, mirrors the well-studied latitudinal biodiversity gradient (Martin and Mckay, 2004; Eo et al., 2008) , suggesting similar processes are responsible for increased species-and molecular-level diversity in tropical regions [but Pfenninger and Schwenk (2007) suggest there is not an increased likelihood of recovering 'cryptic' species in the tropics]. On the other hand, there was no statistical association between molecular diversity and the geographic breadth of a taxon. While some work has suggested that diversity should be expected to be higher given high-dispersal larval, life histories (Foltz, 2003) or geographic/habitat breadth (Jackson, 1974) , it is likely that we simply have insufficient data to test this idea given the confounding variation associated with mean latitude (above) and other life history factors.
Remaining comparisons, illustrated in Fig. 1 , represent statistically significant levels of variation among taxonomic groups, though it is not clear what biological significance to attach to these results. The statistical significance is marginal, and plots of diversity across these groups show broad overlap in both diversity and the frequency spectrum of mutations within studied populations (Tajima's D) . The difference between this statistic and Fu's Fs is that the latter uses information from the haplotype distribution; in both cases, values are lower (more negative) when there is an excess of singleton (unique across haplotypes) mutations (Ramos-Onsins and Rozas, 2002) . While Fu's Fs is considered a more sensitive statistic for evaluating demographic expansion, the empirical distribution of this statistic is less well understood than Tajima's D, and it is also known to exhibit differing behavior across data sets of different size and/or diversity (Ramos-Onsins and Rozas, 2002) . As such, it may be more illustrative to focus on the results for Tajima's D.
I will only point out one exemplar group for consideration: in all three plots comparing Tajima's D across taxa (Fig. 1B-D) , the group associated with the lowest (most negative) values are the barnacles (Maxillopoda: Thecostraca: Cirripedia). The mean value of Tajima's D for Cirripedia is 21.2 (the remaining Maxillopoda in these data are all copepods, with a mean D of 20.37), with nearly half of those surveyed 'populations' (often groups of populations lumped together in Genbank) representing statistically significant deviation from the neutral/equilibrium null hypothesis (Wares, 2010) . These data (n 5 29) represent 12 distinct genera with some obvious overrepresentations, e.g., 11 species or clades of Chthamalus (Wares et al., 2009 ).
The significance of a strongly negative Tajima's D statistic is that it tends to be associated with populations that are growing in size, or with regions of the genome that are influenced by selection. The pattern that causes a negative Tajima's D is an excess of rare alleles relative to the expectation under a null model (Tajima, 1989) , which could happen when selection prevents new alleles from increasing in frequency or could happen when a population is expanding, and thus genetic drift does not remove new alleles as quickly as at demographic equilibrium. Note that the effect of lumping together multiple distinct populations in a single alignment can have varied effects on D, but will tend to inflate it toward positive values if sample sizes of the multiple populations are similar.
In particular, the general observation of negative values of D across Metazoa may support episodic shifts in the strength or magnitude of selection on populations (Wares, 2010) ; pure speculation might attribute the intertidal habitat of most barnacle species with one of the more variable environments on the planet, but this observation also could have no basis in biological differences. Instead, it could indicate the propensity of researchers to erroneously include a few individuals of cryptic taxa (a small number of the wrong species would drive D toward more negative values). Intentional capture of multiple populations that are a priori believed to be demographically separate (or even potentially taxonomically separate) could lead to wellbalanced data sets of divergent sequences, which would drive D toward more positive values.
If instead we assume that the tendency of D to be negative-biased across Crustacea is a common effect of historical demography, a wide range of parameters can explain that effect. For example, assuming that expansion is the cause of negative D values across all observed crustacean data, Fig. 2 illustrates how recent an expansion, and how rapid an expansion, would be consistent with these observations. In general, it suggests that the tendency of authors to attribute a negative D to post-glacial population expansion is plausible, e.g., an expansion of ,30-50% in population size at approximately 0.1 coalescent time units for a species with effective population size of 2 3 10 5 , but given the ranges of both the observed diversities across taxa and the extensive parameter space that can explain a demographic expansion equally well authors would do well to consider their results more cautiously.
Some of the problems with the data summarized in this paper include an incomplete survey of Crustacea (even of the crustaceans that have some DNA sequence data available, because of the sub-database used for collection), artifactual separation of data by the bioinformatics scripts used, incomplete taxonomic separation in the NCBI databases, and other errors in curation (Buhay, 2009) . In some cases, alignments with as high as 99.5% pairwise identity nevertheless included haplotypes that appeared anomalous, i.e., greatly divergent, under the assumption of a single population (Wares, personal observation) . At less than 99% pairwise identity (about half of the data sets), visual inspection began to illuminate some data sets that likely represent two or more distinct populations. This phenomenon increased in frequency as mean pairwise identity declined; only 9 data sets with pairwise identity below 90% were included, all likely representing species complexes, e.g., Tigriopus californicus (Baker, 1912) . Curation difficulties also mean that not all results are available for all data sets, and of course our understanding of species distribution, as represented in databases such as GBIF, is still extremely limited. The variable representation of taxa in this study also means that some of the contrasts presented are not phylogenetically independent from one another (Felsenstein, 1985) ; there is not sufficient independent data for assessing the phylogenetic context of these results, other than to note the over-representation of some closely related species.
For the same reason, life history data are not directly evaluated in this study. For many species, traits like pelagic larval duration are not known; for many groups, e.g., Peracarida, such traits are highly correlated. Additionally, any separation between 'short' and 'long' larval duration, and many other life history characters, will be somewhat arbitrary. Thus, these data are not directly comparable to systematic evaluations of how such traits may influence molecular diversity, as in the work by Foltz (2003) , though Fig. 1A illustrates that even groups with a brooding lifestyle (Peracarida) may have higher median diversities than the large sample of eucarid crustaceans, and similar diversity to the barnacles with a typically long pelagic larval phase. Evaluation of Peracarida with respect to differing habitat generated no significant associations with molecular diversity patterns, suggesting there is not a general effect of habitat (subterranean, terrestrial, freshwater, parasitic, and marine) on diversity in this group.
Overall, we are only beginning to identify the factors of genetic diversity that describe the history of crustacean populations and to generate hypotheses for what these patterns of extant diversity can tell us about the potential response of these groups to global climate change. While we might expect species harboring more variation to be able to better respond to environmental shifts, many of the current crustacean data sets may be inflated by the inclusion of multiple ''species'' in the same alignment; overall the distribution of intraspecific genetic diversity is heavily skewed below the mean (JPW, results not shown). Also, recent work on intrapopulation diversity and capacity for adaptation in thermal tolerances (in Tigriopus; M. Kelly, personal communication) suggests extreme caution is necessary in making any broad predictions with regard to the geographic (or taxonomic) associations of neutral and/ or adaptive diversity. Nevertheless, without knowing the underlying pattern we cannot begin to explore its edges. Fig. 2 . Single-parameter approximate Bayesian density map of demographic-only scenarios consistent with the biased Tajima's D seen in Crustacea. The vertical axis indicates the ratio of an ancestral population size to current population size; the horizontal axis indicates the time, in coalescent units, i.e., in units of N e generations, where N e is the evolutionarily effective population size. Time in years must be interpreted based on generation time and the effective size of a given species.
